no human data provides direct support for the linear nonthreshold hypothesis (LNT), confidence in LNT is based on the biophysical concept that the passage of a single charged particle could cause damage to DNA that would result in cancer. Several statistically significant epidemiologic studies contradict the validity of this concept by showing risk decrements, i.e., hormesis, of cancer mortality and mortality from all causes in populations exposed to low-dose radiation. Unrepaired low-dose radiation damage to DNA is negligible compared to metabolic damage. The DNA damage-control biosystem is physiologically operative on both metabolic and radiation damage and effected predominantly by free radicals. The DNA damage-control biosystem is suppressed by high dose and stimulated by low-dose radiation. The hormetic effect of low-dose radiation may be explained by its increase of biosystem efficiency. Improved DNA damage control reduces persistent mis-or unrepaired DNA damage i.e., the number of mutations that accumulate during a lifetime. This progressive accumulation of gene mutations in stem cells is associated with decreasing DNA damage control, aging, and malignancy. Recognition of the positive health effects produced by adaptive responses to low-dose radiation would result in a realistic assessment of the environmental risk of radiation.
The best scientific evidence of human radiation effects initially came from epidemiologic studies of atomic bomb survivors in Hiroshima and Nagasaki. Although no evidence of genetic effects has been found, these studies showed a roughly linear relationship between the induction of cancer and extremely high dose-rate single high doses of atomic bomb radiation. This was consistent with the knowledge that ionizing radiation can damage DNA in linear proportion to high-dose exposures and thus produce gene mutations known to be associated with cancer. In the absence of comparable low-dose effects it was prudent to propose tentatively the no-threshold hypothesis that extrapolates linearly from effects observed at high doses to the same effects at very low doses. It was accepted in 1959 by the International Commission on Radiological Protection (1) then adopted by national radiation protection organizations to formulate regulations for the protection of occupationally exposed workers and the public (2) .
The hypothesis that all radiation is harmful in linear proportion to the dose is the principle used for collective dose calculations of the number of deaths produced by any radiation, natural or generated, no matter how small. The National Council on Radiation Protection and Measurements (NCRP) Report Taken as a whole, the body of evidence from both laboratory animals and human studies allows a presumption of a linear no threshold response at low doses and low-dose rates, for both mutations and carcinogenesis. Therefore, from the point of view of the scientific bases of collective doses for radiation protection purposes, it is prudent to assume the effect per unit dose in the low-dose region following single acute exposures or low-dose fractions is a linear response. There are exceptions to this general rule of no threshold, including the induction of bone tumors in both laboratory animals and in some human studies due to incorporated radionuclides, where there is clearly evidence for an apparent threshold.
However, few experimental studies, and essentially no human data, can be said to prove or even to provide direct support for the concept of collective dose with its implicit uncertainties of nonthreshold linearity and dose-rate independence with respect to risk. The best that can be said is that most [sic] studies do not provide quantitative data that, with statistical significance, contradict the concept of collective dose.
Ultimately, confidence in the linear no threshold dose-response relationship at low doses is based on our understanding of the basic mechanisms involved. Genetic effects may result from a gene mutation, or a chromosome aberration. The activation of a dominant acting oncogene is frequently associated with leukemias and lymphomas, while the loss of suppressor genes appears to be more frequently associated with solid tumors. It is conceptually possible, but with a vanishing small probability, that any of these effects could result from the passage of a single charged partide, causing damage to DNA that could be expressed as a mutation or small deletion. It is a result of this type of reasoning that a linear nonthreshold dose-response relationship cannot be excluded. It is this presumption, based on biophysical concepts, which provides a basis for the use of collective dose in radiation protection activities (3).
The NCRP report (3) ] is based on our understanding of the basic mechanisms involved." This paper will examine current understanding of the basic biologic mechanisms involved in the LNT and present some of the statistically significant epidemiologic data that contradicts the LNT. Recent biologic data will be examined; they also contradict "the presumption, based on biophysical concepts, which provides a basis for the use of collective dose in radiation protection activities (3) ."
Increased longevity and decreased cancer death rates have been observed in populations exposed to high natural background radiation and reported for several decades. These observations contradict the LNT, the radiation paradigm that all radiation including that of natural background is harmful in linear proportion to the dose. Established radiation authorities consider such observations spurious or inconclusive because of unreliable public health data or undetermined confounding factors such as smoking, income, education, medical care, population density, pollution of air, water, and food, and other socioeconomic variables. Recently, however, the following statistically significant controlled epidemiologic studies (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) have demonstrated that exposure to low or intermediate levels of radiation are associated with positive health effects.
In his current review of hormesis (4) Z. Jaworowski, past chairman of the United Nations Scientific Community on the Effects of Atomic Radiation (UNSCEAR), cites recent data showing hormetic effects in humans from the former Soviet Union. After high radiation exposure from a thermal explosion in 1957, 7852 persons living in 22 villages in the Eastern Ural mountains were divided into three exposure groups averaging 49.6, 12.0, and 4.0 cGy and followed for 30 years. Tumor-related mortality was 28, 39, and 27% lower in the 49.6, 12.0, and 4.0 cGy groups, respectively, than in the nonirradiated control population in the same region. In the 49.6 and 12.0 cGy groups the difference from the controls was statistically significant (Figure 1 ). Epidemiologic studies showing beneficial effects of low doses of radiation in atomic bomb survivors and other populations were reviewed by S. Kondo ( Figure 2 ) (5). Induded in Kondo's review are the apparently beneficial effects of low doses of external y-rays on the life span of radium-dial painters and the significantly lower mortality from cancers at all sites of residents of Misasa, Japan an urban area with radon spas, than of residents of the suburbs of Misasa (Figure 3 ).
These beneficial effects are consistent with findings of B.L. Cohen (6), which relate the incidence of lung cancer to radon exposure in nearly 90% of the population of the United States. The 1601 counties selected for adequate permanence of residence provide a high-power statistical analysis. After applying the Committee on the Biological Effects of Ionizing Radiation (BEIR) IV 1988 report (7) correction for variations in smoking frequency, the Cohen study (6) shows a strong tendency for lung cancer mortality to decrease with increasing mean radon level in homes. This finding is in sharp contrast to the BEIR IV theoretical increased mortality derived by linear nonthreshold extrapolation of effects in uranium miners exposed to high radon concentrations (7) . The discrepancy between theoretical and measured slopes is 20 SD (Figure 4 ). Rigorous statistical analysis of 54 socioeconomic, 7 altitude and weather, and multiple geographic variables as possible confounding factors both singly and in combination demonstrates no significant decrease in the discrepancy. The Mean radon level, pCi/liter Figure 4 . Lung cancer mortality rates corrected for smoking compared with mean home radon levels by U.S. county and comparison with BEIR IV linear model (7) . Observed mortality risk is 1.00 at 1.7 pCi/liter, the average U.S. residential radon level. Adapted from Cohen (6). multiple independent requirements that a possible unknown confounding factor must make its existence highly improbable. A reasonable explanation is that stimulated biologic mechanisms more than compensate for the radiation insult and are protective against cancer in a low-dose, low-dose-rate range.
The 13-year U.S. Nuclear Shipyard Workers Study (NSWS) of the health effects of low-dose radiation was performed by Matanoski (8) The results of the NSWS (9) contradict the conclusions of the BEIR V report (10) that small amounts of radiation have risk (the LNT). From the database of almost 700,000 shipyard workers, including about 108,000 nudear workers, three study groups were selected: a) 28,542 nuclear workers with working lifetime doses . 5 mSv (many of them received doses well in excess of 50 mSv); b) 10 (12) the best occupational study of nudear workers ( Figure 6 ). Cardis et al. (12) concluded "There was no evidence of an association between radiation dose and mortality from all causes or from all cancers. Mortality from leukemia, excluding chronic lymphocytic leukemia (CLL) ... was significantly associated with cumulative external radiation dose (onesided p-value = 0.046: 119 deaths)." In reference to the statistical methods used, the authors stated: "As there was no reason to suspect that exposure to radiation would be associated with a decrease in risk of any specific type of cancer, one sided tests are presented throughout" (12) . The authors' analysis of the 1 19 deaths from all leukemias except CLL excluded 86 deaths in dose categories 1, 3, 4, and 6, in which there were fewer deaths than expected. Trend analysis of the remaining 33 deaths in dose categories 2, 5, and 7 for estimated p= 0.046 was obtained "using computer simulations based on 5000 samples, rather than the normal approximation" (12) (Figure 6 ).
The Canadian breast cancer fluoroscopy study reported the observations of the mortality from breast cancer in a cohort of 31,710 women who had been examined by multiple fluoroscopy between 1930 and 1952 (13 Breast exposure, Gy (Figure 8 ) (17, (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) . The activity of the DNA damage control biosystem is decreased by high-dose (e.g., > 1 Gy), high-dose-rate (e.g., . 20 cGy/min) radiation, but adaptively responds with increased activity to low-dose (e.g., <20 cGy) low-dose-rate (e.g. < 1 cGy/min) radiation. This activity is documented in UNSCEAR (9) [ Figure 9 ; (22) (18) . These observations of fundamental biologic cellular functions contradict the theoretical presumption based on biophysical concepts and exclude an LNT dose-response relationship. Recognition of the positive health effects produced by adaptive responses to low-level radiation would result in a realistic assessment of the environmental risk of radiation. There is no statistically significant human low-dose radiation data that supports the LNT hypothesis (1). Instead of adhering to nonscientific influences on radiation protection standards and practice (14) that impair health care and research and waste many billions of dollars annually for protection against hypothetical risks of low-level radiation exposure, this resource could be used productively for effective health measures and many other benefits.
